A 6-year study was conducted in 4 dairy herds in Iowa in which Johne's disease was diagnosed previously. Fecal specimens were collected at 6-month intervals from animals 2 years of age and over for mycobacteriologic examination. Serum samples were obtained at 3-month intervals and tested by enzymelinked immunosorbent assay (ELISA). The antigen used in the ELISA was a potassium chloride extract of a field strain of Mycobacterium paratuberculosis. The ELISA reactions were observed in 87% of the cows from which M. paratuberculosis was isolated. Dairy producers that participated in the Johne's control program reported reduced economic losses. Increased income was attributed to improved milk production, increased value of vaccinated animals sold as replacements to other dairy herds in which Johne's disease had been diagnosed, and the increased market value of slaughter animals removed from the herd.
Johne's disease (paratuberculosis), a chronic enteric disease in cattle that causes important economic losses, is reported to be widespread in Iowa and other areas in the United States. 10, 17 Fecal culture examination has been used widely for confirming a diagnosis of paratuberculosis in cattle and other animals 14 These procedures are laborious and expensive. Although numerous serologic procedures have been described for use in detecting cattle exposed to Mycobacterium paratuberculosis, the efficacy of these methods are of limited value for identifying animals with subclinical disease. 5, 14 The usefulness of serologic tests has been limited by the failure of cattle in early stages of infection to develop detectable levels of humoral antibody. Attempts to eradicate paratuberculosis from herds by use of fecal culture examinations and/or serologic tests have been reported unsuccessfu1. 12, 18 Efforts to control Johne's disease in a dairy herd without calfhood vaccination revealed that infection persisted during the 5-year study period. l8 No clinical signs of Johne's disease were reported in cows in the herd during the last year. Results of cultural examination on tissues collected at necropsy revealed that M. paratuberculosis was isolated from 11 of 82 (14%) cows. Positive enzyme-linked immunosorbent assay (ELISA) reactions were detected in sera from 5 of 11 culture-positive animals; 2 animals had positive reactions on a complement fixation (CF) test, and none were positive on agar-gel immunodiffusion (AGID) tests. Similar findings were obtained in 2 other herds in which Johne's disease was diagnosed. The purpose of this study was to develop additional procedures for use in the diagnosis and control of paratuberculosis in cattle.
Materials and methods
Protocol for pilot study. An extension of preliminary investigations involved a pilot study on 4 commercial dairy herds in Iowa in which Johne's disease was diagnosed by cultural examinations of feces. During Phase I of this study (years l-3), the following practices were initiated: 1) fecal cultural examinations were conducted on cows 2 yr of age and over at 6-mo intervals, 2) animals from which M. paratuberculosis was isolated were immediately removed and sold, 3) replacement heifer calves were vaccinated with heat-killed M. paratuberculosis in oil a ; calves were separated from dams at birth and maintained in a separate unit from the adult cow herds, 4) ELISA was conducted on sera collected at 3-mo intervals on cows, 5) no fecal material was spread on pastures or on land from which hay was to be harvested, and 6) pens and facilities were thoroughly cleaned and disinfected using a cresylic compound at 6-12-mo intervals.
During Phase II (years 4-6) the following practices were initiated: 1) all replacement heifers were vaccinated, 2) calves were separated immediately from dams at birth, 3) pasture rotation was followed, 4) fecal culture examinations were conducted annually, 5) calves from M. paratuberculosisinfected cows were not kept as herd replacements, 6) culturepositive cows were sold immediately, and 7) fecal material was removed from lots and facilities were disinfected periodically.
Mycobacteriological examination. Fecal samples were collected and shipped to the laboratory and processed using 0.3% benzalkonium chloride as previously described. 14 Mycobacteriological examinations conducted on tissues collected at necropsy were processed using 0.2% zephiran. Slants of Middlebrook's 7H10 egg yolk agar medium with or with- out mycobactin were inoculated. The cultures were incubated at 37 C for 20 wk; cultures were observed for appearance of colonies at 2-wk intervals. Mycobacterium paratuberculosis was identified by subculture on media with or without mycobactin.
ELISA. An indirect ELISA was conducted using a nonfractionated potassium chloride (KCl) extract of a field strain of M. paratuberculosis containing phenylmethylsulfonylfluoride, a protease inhibitor; the antigen was diluted in 0.1 M Na 2 CO 2 (pH 9.6) . 6, 16 An aliquot of antigen (0.05 ml corresponding to 500 ng protein) was added to each well of a microtiter plate. b Carbodiimide c (50 µ1) diluted in 0.1 M Na 2 CO 3 (1 mg/ml) was added to each well. The microtiter plates were placed in plastic bags, incubated for 16 hr at 4 C, and washed 3 times with phosphate-buffered saline solution (PBSS) (pH 7.2). Then 0.01 M NH 4 Cl (0.1 ml/well) was added to each well, and the plates were incubated for 30 min at 22 C. The plates were washed 3 times with wash solution (0.5 M NaCl containing 0.5% Tween 80, adjusted to pH 7.5 with 1 N NaOH).
Sera obtained from cattle, 2 yr of age and older, were serially diluted (1:40 to 1:640) in ELISA diluent (0.5 NaCl containing 1% bovine serum albumin and 1% Tween 80, pH 7.5), and 0.1 ml was added to wells of the plates. Serum samples were incubated for 30 min at 22 C on a horizontal shaker. d The plates were then washed 8 times with wash solution and allowed to stand inverted 30 min. An affinitypurified goat anti-bovine immunoglobulin G, heavy and light chain specific, labeled with horseradish peroxidase, e was added to each well (0.05 ml, 20 ng/well), and the wells were incubated for 30 min at 22 C on a horizontal shaker. Microtiter plates were again washed 8 times and allowed to stand 30 min. A substrate-indicator solution of hydrogen peroxide and 2,2'-azino-di-(3-ethyl benzthiazoline-6-sulfonate) f in 0.05 M citric acid (pH 4.0) was added to each well (0.15 ml) and incubated for 1 hr. The color intensity of the reactions was determined at a wavelength of 405 nm. b
Results
Results of laboratory examinations, calf vaccination, and relevant information on history in the 4 herds, in which paratuberculosis was diagnosed during Phase I (3-year period), are shown in Table 1 . The initial infection rate (number of animals positive on fecal culture divided by the total number of cows) was from 9 to 25%. Twenty-four deaths were reported during a 3-year period in herd 3, 2 cows died in herd 2, and 1 cow died in herd 1. The number of cows sold in which Johne's disease was confirmed by culture or suspect due to presence of clinical disease varied for each of the 4 herds. The number of calves vaccinated with heat-killed M. paratuberculusis in oil in each herd was as follows: herd 1, 47 of 53 (88%); herd 2, 42 of 56 (75%); herd 3, 10 of 42 (24%); and herd 4, 12 of 28 (43%).
A comparison of results of ELISA of sera and bacteriologic examination on fecal specimens from cows in 4 herds is shown in Table 2 . Positive ELISA reactions were detected in sera of 3 1 of 46 (67%) cows from which M. paratuberculosis was isolated. Twenty-two of 28 cows with clinical Johne's disease had positive ELISA reactions, and 5 had suspicious ELISA reactions. Nine of 18 (50%) cows with subclinical Johne's disease had positive ELISA reactions, 4 were suspicious, and 5 were negative. Positive ELISA reactions were detected in 10 cows (3 vaccinees) from which M. paratubercuhsis was not isolated from feces; 9 of 23 which had suspicious ELISA reactions were vaccinees. No ELISA reactions were detected in sera of 149 cows negative on fecal culture. Serum dilutions of 1:160 and 1:320 provide the most reliable information in identifying cattle infected with M. paratuberculosis. The ELISA identified 87% of the culture-positive cows tested in herd 1, 78% of positive cows in herd 2, 92% of positive cows in herd 3, and 100% of positive cows in herd 4.
The results of cultural examinations and related information for each of the 4 herds during Phase II (years 4-6) are shown in Table 3 . All replacement heifers in each of the herds were vaccinated. The number of fecal culture-positive cows decreased in each of the 4 herds. Two of 3 cows that developed clinical Johne's disease in herd 2 had positive ELISA reactions on sera collected previously. One of 2 cows in herd 3 had a positive ELISA reaction on sera. Mycobacterium paratuberculosis was not isolated from these animals.
Discussion
Efforts to eradicate Johne's disease in cattle herds have been limited by the lack of reliable serologic tests for use in detecting cattle with subclinical Johne's disease. l7 Although serologic tests have been developed to detect mycobacterial antibodies in sera of cattle with advanced clinical disease, these procedures are of little value in identifying cattle in early stages of infection with M. paratuberculosis. 12, 18 Results obtained in this study provide further evidence that ELISA is a more sensitive test than CF or AGID tests for detecting cows exposed to M. paratuberculosis. 2, 4, 20 Apparently, macrophages of some animals engulf and retain M. paratuberculosis in an intracellular environment, thus minimizing the release of antigens and subsequent stimulation of antibody-forming cells. The importance of M cells in the ileum as a site for antigen availability in development of immunologic responses remains to be elucidated. 11 The efficiency of serologic procedures in detecting antigen-antibody reaction may be influenced by the specificity of antibodies against determinants on the antigens. 13 Studies indicate absorption of sera from cattle with Mycobacterium phlei may improve specificity. 20 However, other investigations indicate absorption fails to provide definitive results. 4 In this study, KC1 extract of a field strain of M. paratuberculosis was used as the antigen in the ELISA. The preparations of this antigen from live cells differs from other antigens prepared from autoclaved cells or culture filtrates. Denaturation of proteins by heat treatment is well documented. The KC1 extract of M. paratuberculosis used in this study was prepared from live M. paratuberculosis recently isolated from a cow with clinical disease, therefore circumventing alterations of the protein antigens due to heat inactivation.
The increased susceptibility of young calves as compared with that of adult cattle has been reported previously 8 ; therefore, the segregation of calves as soon after birth as possible is important in reducing exposure to M. paratuberculosis. l5 Control measures should emphasize the importance of thoroughly cleaning facilities in which cattle are maintained and disinfection with a cresylic compound.
Considerable economic losses due to Johne's disease in dairy cattle have been reported.' Economic benefits were realized by each of the herd owners participating in this study. Moreover, continued benefits could be anticipated in their herds, because it is expected the losses due to Johne's disease will be reduced markedly.
